Study Design: Retrospective and comparative study. Purpose: We assessed surgical treatment outcomes in patients with thoracic myelopathy due to ossification of the ligamentum flavum (OLF), and OLF combined with ossification of the posterior longitudinal ligament (OPLL) or vertebral fracture (VF) at the same level. Overview of Literature: OLF and OPLL cause severe thoracic myelopathy. Osteoporotic VF commonly occurs at the thoracolumbar junction. There have been no investigations of thoracic myelopathy due to OLF and VF. Methods: Forty patients were divided among three groups: the OLF group (n=23): myelopathy due to OLF, the OLF+OPLL group (n=12): myelopathy due to OLF and OPLL, and the OLF+VF group (n=5): myelopathy due to OLF and VF. We recorded OLF, OPLL, and VF sites and operative procedures. Each patient's neurological status, according to the Japanese Orthopaedic Association (JOA) score, and walking ability were evaluated pre-and postoperatively. Results: Patients in the OLF+OPLL group were significantly younger than those in the other two groups. The preoperative JOA score was significantly lower in the OLF+VF than OLF group. The final JOA score was significantly lower in the OLF+VF than OLF and OLF+OPLL groups. The JOA score recovery rate was significantly lower in the OLF+VF than OLF group. Final walking ability was significantly worse in the OLF+OPLL and OLF+VF groups than in the OLF group and significantly worse in the OLF+VF than OLF+OPLL group. Conclusions: Thoracic myelopathy due to OLF+VF occurs primarily in older females, who also exhibit worse preoperative and postoperative neurological status, and worse walking ability, than patients with thoracic myelopathy due to OLF or OLF+OPLL.
Introduction
Ossification of the thoracic ligamentum flavum (OLF) reportedly affects 12% to 36% of Japanese people, based on computed tomography (CT) findings [1] . The lower third of the thoracic spine, especially T10 to T11, are the most commonly affected thoracic levels in patients with OLF [1] . The second most commonly affected levels are T4 and T5 [1] . However, when OLF occurs at the same level as ossification of the posterior longitudinal ligament (OPLL) of the thoracic spine, the combined ossification sometimes causes severe thoracic myelopathy. Aizawa et al. [2] reported that the rate of concurrent OPLL and OLF was 7.6%. Sato and Aizawa [3] analyzed 265 patients who underwent surgery for thoracic myelopathy and reported OLF combined with OPLL in 9%. Hirabayashi [4] recommended early surgical treatment for patients with combined OLF and OPLL at the same level.
Osteoporotic vertebral fractures (VFs) occur most frequently at the level of the thoracolumbar junction [5] , and delayed union or non-union of an osteoporotic VF causes a neurological deficit [6] . OLF and VF may appear as a common lesion of the lower thoracic spine. We have treated several patients with thoracic myelopathy due to osteoporotic VF and OLF at the same level.
We were unable to find any previous reports that described thoracic myelopathy due to a VF and OLF at the same level, or that even peripherally addressed these patients' surgical results. The aim of this study was therefore to assess the clinical results of surgical treatment of thoracic myelopathy due to OLF and OLF combined with either OPLL or osteoporotic VF.
Materials and Methods

Patients
This was a retrospective observational study of patients who were diagnosed with, and surgically treated for, thoracic myelopathy due to OLF from January 2007 to December 2016 at Akita Uniersity Hospital, Akita, Japan. A diagnosis of OLF-related thoracic myelopathy was based on clinical, radiological, and pathological evaluations. Included participants underwent surgery for treatment of myelopathy due to thoracic OLF, with a postoperative follow-up period of ≥1 year. In total, 40 patients were enrolled in the study and divided among three groups: the OLF group (n=23): thoracic myelopathy due to OLF alone, the OLF+OPLL group (n=12): thoracic myelopathy due to OLF and OPLL at the same level (at least one level), and the OLF+VF group (n=5): thoracic myelopathy due to OLF and a clinical VF at the same level.
The retrospective research in the present study was approved by the Institutional Review Board of Akita University Graduate School of Medicine (IRB approval no., 1879) and was performed in accordance with the ethical standards established in the Declaration of Helsinki. Informed consent was obtained from each patient in this study.
Evaluations
1) Clinical and neurological features
We reviewed the medical records of all patients and recorded their ages, sex, and time from symptom-onset to surgery. The Japanese Orthopaedic Association (JOA) score for thoracic myelopathy was used to assess each patient's neurological status preoperatively and at the final follow-up [7] . The recovery rate (%) was calculated according to Hirabayashi et al. [8] as follows: (postoperative [final follow-up] JOA score−preoperative JOA score)/ (11−preoperative JOA score)×100. In addition, pre-and postoperative walking ability, operative procedure, other operations for cervical or lumbar lesions, operation time, and estimated intraoperative blood loss were evaluated.
2) Radiological features Plain radiographic images, CT, and magnetic resonance imaging scans were reviewed. The levels of OLF, OPLL, and VF in the upper (T1-T4), middle (T5-T8), and lower (T9-T12) thoracic spine were recorded on CT images. OLF was classified into five types based on the range and morphological features of the ossification depicted on the preoperative CT scans at the narrowest spinal level. These types included lateral, extended, enlarged, fused, and tuberous [9] .
3) Representative radiological cases Fig. 1 shows a typical case in the OLF group. OLF was present at levels T9 to T10 and levels T10 to T11 on sagittal T1-weighted images (T1WI) and T2-weighted images (T2WI), respectively (Fig. 1A, B) , and the OLF was compressing the spinal cord on the axial T1WI and T2WI at levels T10 to T11, respectively (Fig. 1D, E) . Sagittal and axial CT images after myelography demonstrated extend-ed OLF at levels T10 to T11, respectively (Fig. 1C, F) . Fig. 2 shows a case in the OLF+OPLL group. OLF and OPLL were present at multiple levels of the thoracic spine ( Fig. 2A) . Extended-type OLF (Fig. 2E ) and beak-type OPLL (Fig. 2F ) were present at levels T1 to T2, and tuberous-type OLF (Fig. 2G ) and small OPLL were present at levels T11 to T12. These severe OLF+OPLL types caused major compression of the spinal cord at levels T1 to T2 (Fig. 2B ) and T11 to T12 (Fig. 2C, D) . Fig. 3 shows a case of OLF+VF. A clinical VF was present at T12 with low intensity on T1WI (Fig. 3A) and high intensity on T2WI (Fig. 3B) . CT showed the VF at T12 (Fig. 3C) and enlarged OLF at T11 to T12 (Fig. 3D ) and T12 to L1 (Fig. 3C, F) and on the posterior wall of the fractured vertebral body (Fig. 3E) compressing the spinal cord. 
4) Operative procedures
All patients underwent surgery with electrophysiological monitoring of spinal cord activity. Posterior decompressive wide laminectomies were performed. Spinal levels that required decompression were identified based on the patients' preoperative neurological status and imaging findings. Decompressive laminectomies, which consisted of removing the laminae and OLF with the medial half of the facet joint, were performed. Decompression was undertaken using a high-speed surgical drill (Medtronic, Minneapolis, MN, USA) (Fig. 1G, H) .
If the patient had OLF and OPLL at the same level, we performed posterior fusion with a pedicle screws-and-rod system. Usually, we performed fusion three levels above and three below the OPLL and OLF to stabilize and repair the kyphosis. Briefly, we inserted pedicle screws and connected a rod on one side in situ before performing the laminectomy to avoid neurological aggravation immediately after laminectomy due to alterations of the spinal alignment. After total laminectomy, bilateral rods were connected under spinal cord monitoring, which was used to observe the amplitude and latency of the waves [10] ( Fig. 2H-K) .
Patients with OLF and VF underwent laminectomy and posterior fusion using the same procedure as for those with OLF and OPLL. For OLF+VF, however, in addition to the laminectomy and posterior fusion, sublaminar tape was used on the remaining cranial and caudal laminae to avoid back-out of instruments (Fig. 3G) . Fusion was performed two levels above and one or two levels below the fractured vertebra (Fig. 3H, I ). In two cases, we diagnosed the fractured vertebra with non-union, and we performed vertebroplasty with a hydroxyapatite block inserted into the fractured vertebra [11] .
Statistical analyses
Bartlett test results indicated that no data except age were normally-distributed. Hence, results are expressed as medians (interquartile range) or mean±standard deviation. Differences between the groups were analyzed using Fisher's exact test for nominal variables, the Kruskal-Wallis test for non-parametric continuous variables, or analysis of variance for parametric continuous variables, followed by the Bonferroni or Mann-Whitney U-test method for multiple comparisons. Differences with a value of p<0.05 were considered statistically significant. All statistical analyses were performed using EZR software (Jichi Medical University, Jichi Medical University, Saitama, Japan) [12] .
Results
Patients' backgrounds
The patients in the OLF+OPLL group (average age, 49.8 years) were significantly younger than those in the OLF group (average age, 66.1 years; p<0.01) and OLF+VF group (average age, 78.8 years; p<0.01). All patients reported a preoperative symptom duration of 1 to 3 months, with no significant differences among the three groups. There were no statistically significant differences in the follow-up periods among the three groups, although the follow-up period was shorter in the OLF+VF group than in the other groups (Table 1 ).
Level or type of ossification of the ligamentum flavum, ossification of the posterior longitudinal ligament, and vertebral fracture
OLF mostly affected lower levels (T9-T12) in the OLF and OLF+VF groups. There were no significant differences in OLF type among the three groups, although the extended type was most common in the OLF group, the fused type in the OLF+OPLL group, and the enlarged type in the OLF+VF group (Table 2) . Concomitant OPLL was most common in upper levels (T1-T4), and VF was most common in the lower thoracic spine (T10-T12).
Operative characteristics
Laminectomy at the level of the OLF was performed in 87% of patients in the OLF group. Laminectomy and posterior fusion were performed significantly more often in the OLF+OPLL and OLF+VF groups and were combined with vertebroplasty using hydroxyapatite in two patients in the OLF+VF group (p<0.01) ( Table 3 ). The operative time and estimated blood loss were significantly greater in the OLF+OPLL than OLF group (p<0.01 and p<0.05, respectively). There were no significant differences in the operative time or estimated blood loss between the OLF+OPLL and OLF+VF groups. An additional cervical laminoplasty was performed in six patients in the OLF group and four patients in the OLF+OPLL group. Two patients in the OLF group required additional lumbar decompression.
Preoperative and postoperative clinical and neurological outcomes
Preoperatively, 91% (21/23) of the OLF group, 83% (10/12) of the OLF+OPLL group, and 100% (5/5) of the OLF+VF group were unable to walk (i.e., patients were unable to walk [wheelchair-bound] or required support with a cane or wheelchair) ( was significantly worse in the OLF+VF than OLF+OPLL group (p<0.05).
The preoperative JOA score was significantly lower in the OLF+VF than OLF group (p<0.05) ( Table 4 ). The final JOA score was significantly lower in the OLF+VF group than in either the OLF or OLF+OPLL group (p<0.01 and p<0.05, respectively). JOA score recovery was significantly lower in the OLF+VF than OLF group (p<0.01). However, there was no significant difference in the recovery rate of the JOA score between the OLF+VF group (14.3%) and the OLF+OPLL group (38.2%).
Discussion
Worst preoperative and postoperative clinical results in patients with ossification of the ligamentum flavum and vertebral fracture
Patients with OLF+VF at the same level had the worst preoperative thoracic myelopathy symptoms and postoperative clinical results. The recovery rate after surgery was also significantly poorer in the OLF+VF, compared to the OLF group. The OLF+VF group consisted of only women, who were significantly older than patients in the OLF+OPLL group. The OLF type and the preoperative period were not significantly different among the groups. The older age of patients in the OLF+VF group might have influenced these patients' poor pre-and postoperative clinical results and walking ability, as it related to thoracic myelopathy. Furthermore, all patients in the OLF+VF group were female. The background of the older, female-only OLF+VF group might have contributed to the poor pre-and postoperative clinical results and walking ability. In addition to their older age, their osteoporotic VFs showed non-union or instability at the various fracture sites. VF instability at the OLF level might have caused severe spinal cord injury. Ando et al. [13] reported that discontinuous ossification of the anterior longitudinal ligament combined with OLF causes more severe symptoms preoperatively and poorer surgical outcomes. Instability at the OLF level may cause severe myelopathic symptoms and worse surgical results in patients with OLF-related thoracic myelopathy.
Other factors related to clinical results of ossification of the ligamentum flavum-related thoracic myelopathy
Previous reports have also identified factors related to the clinical results after surgical treatment of OLF-related thoracic myelopathy, including the preoperative severity of the myelopathy [14] , dural adhesions of OLF [15] , a concomitant lumbar spinal lesion [16] , impaired sense of the joint position in the big toe [17] , and an intramedullary signal change on T2WI [16, 17] . In our previous study, preoperative symptom duration was the most important predictor of long-term surgery-related outcomes in patients with OLF-related thoracic myelopathy [9] . The type of OLF, the presence of dural adhesions, and the need for concomitant surgery for coexistent cervical or lumbar lesions do not influence the long-term postoperative prognosis [9] . Onishi et al. [18] reported that simultaneous OPLL and OLF in the mid-thoracic spine was associated with relatively poor recovery. In the present study, patients with OLF and OPLL had significantly worse postoperative walking ability than those with OLF alone. Thus, the combination of OLF and OPLL at the same level is a significant causal factor for worse surgical outcomes.
Surgical treatment of ossification of the ligamentum flavum and vertebral fracture
OLF-related thoracic myelopathy is treated by decompressive surgery, such as wide laminectomy and OLF removal [9, 14] . In the present series, decompressive surgery for the patients with thoracic myelopathy due to OLF alone produced satisfactory results. When VF occurs at the level of the OLF, however, posterior decompressive surgery should be avoided because it could worsen fracture site instability. We believe that fusion should be performed with decompressive surgery. Many surgical procedures to treat clinical or non-union VFs have been reported, such as anterior decompression and fusion [19] , balloon kyphoplasty [20] , vertebroplasty with polymethylmethacrylate [21] or hydroxyapatite [11] blocks, and posterior-approach vertebral replacement with rectangular parallelepiped cages [22] . In one study, the rate of perioperative complications associated with the posterior approach using spinal instrumentation for osteoporotic VF reportedly ranged from 16.1% to 22.9% in patients with primary or secondary osteoporosis [23] . We usually perform posterior surgery for patients with osteoporotic VFs. Patients with OLF require posterior decompression. Thus, posterior decompression and fusion surgery is an appropriate procedure for patients with thoracic myelopathy due to OLF+VF.
Surgical treatment of ossification of the ligamentum flavum+ossification of the posterior longitudinal ligament
A variety of surgical procedures have been developed to treat thoracic OPLL in patients with OLF+OPLL-related thoracic myelopathy, including posterior decompressive laminectomy or laminoplasty [24] , posterior decompression and fusion [24] , two-stage posterior and anterior decompression [25] , and circumferential decompression via a posterior approach [24, 25] . Li et al. [10] reported that posterior decompression with instrumented fusion resulted in a considerable degree of neurological recovery, despite anterior impingement of the spinal cord by the remaining OPLL. In the present study, posterior decompression and fusion using instrumentation for patients with thoracic myelopathy due to OLF+OPLL at the same level provided relief comparable with that after posterior decompressive surgeries for patients with myelopathy due to OLF alone.
Limitations
This study had several limitations. First, it was a retrospective study and thus lacks prospective validation. In addition, these retrospective data are based on outcomes after various types of surgeries, such as decompression only, decompression and fusion at single or multiple levels, and decompression and fusion with vertebroplasty. Second, the follow-up periods were different among the three groups, although the differences were not statistically significant. Third, the patients in the OLF+VF group were older than those in the OLF-alone group, and patients in the OLF+VF group had more-impaired walking abilities than patients in the other groups. Long followup periods were difficult for the patients in the OLF+VF group. Finally, the sample size of the OLF+VF group (n=5) was much smaller than the other groups.
Conclusions
Patients with thoracic myelopathy caused by OLF combined with VF had worse preoperative and postoperative neurological status and walking abilities than those with thoracic myelopathy due to OLF alone or OLF+OPLL. Posterior decompression and fusion with vertebroplasty is an acceptable option for surgical treatment of thoracic myelopathy due to OLF+VF.
